Introduction {#S1}
============

According to the Global Burden of Diseases Study 2015, it was estimated that about 358 million people worldwide were suffering from asthma, with 0.40 million deaths in 2015 ([@B1]). The prevalence of asthma has continued to rise, with a higher annual incidence in children than in adults. Asthma can be classified into allergic asthma and non-allergic asthma. Most children and half of adult patients suffer from allergic asthma which is distinguished from non-allergic asthma, due to the presence of elevated serum immunoglobulin E (IgE, total and specific) and provocation by inhaled or ingested allergens such as pollen, dust mite, mold, animal dander, and peanut ([@B2], [@B3]).

Among one of the most prevalent chronic respiratory diseases of the conducting airways, allergic asthma is clinically characterized by reversible bronchial constriction and airway hyper-responsiveness (AHR), often associated with elevated plasma IgE concentration. Increased differentiated CD4^+^ T helper type (Th)2 lymphocytes originated from bronchial tissues and draining lymph nodes secrete allergy-related Th2 pro-inflammatory cytokines such as IL-4, IL-5, and IL-13, thereby contributing to the pathogenesis and exacerbation of allergic asthma ([@B4]--[@B6]). It has been shown that respiratory bacterial and viral infection can provoke allergic inflammation in allergic asthma ([@B7], [@B8]). The innate immune system actually recognizes infection through pattern-recognition receptors, including toll-like receptors (TLRs), NOD-like receptors, and RIG-I-like receptor, which detect conserved microbial components called pathogen-associated molecular patterns (PAMPs) including TLR2 ligand peptidoglycan (PGN) ([@B9]).

Eosinophils are crucial effector cells of allergic inflammation that accumulate and infiltrate in local inflammatory tissues upon the mediation of the specific eosinophil chemokine CCL11, and intercellular adhesion molecule-1 on epithelial cells ([@B10]). Allergen-reactive Th2 lymphocytes are important for the induction and maintenance of allergic inflammation ([@B11]). Cytokines and chemokines released by Th2 cells (IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13) and those induced by other cell types in response to Th2 cytokines (CCL11, transforming growth factor/TGF-β, and IL-11) mediate most of the pathophysiological mechanisms in allergic reaction such as the recruitment, activation, and delayed apoptosis of eosinophils, and degranulation to release granular toxic proteins from eosinophils ([@B11]). In allergic airway inflammation, activated eosinophils release cytotoxic cationic proteins such as eosinophilic cationic protein (ECP) to cause tissue damage and airway hyper-reactivity ([@B12]). Our previous publications have elucidated the underlying intracellular signaling mechanisms by which the interaction of eosinophils and epithelial cells can induce the secretion of inflammatory cytokines, cysteinyl leukotrienes, and eosinophilic degranulation for ECP release in allergic asthma ([@B13]--[@B16]).

Regulatory cytokine IL-37, the seventh interleukin factor of IL-1 family (IL-1F7), can downregulate systemic and local inflammation by suppressing the production of pro-inflammatory mediators in both innate and adaptive immunity ([@B17]). IL-37 can be expressed in various human tissues such as skin, tonsils, esophagus, placenta, breast, prostate, and colon ([@B18]), and induced by TLR ligands and inflammatory cytokines IL-1β, tumor necrosis factor (TNF)-α, and interferon-γ in peripheral blood mononuclear cells (PBMCs) and dendritic cells (DCs) ([@B19]). IL-37 can suppress the production of various pro-inflammatory cytokines, including IL-1α, IL-1β, IL-6, IL-12, granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, and TNF-α, probably by forming an intracellular functional complex with transcription factorSmad-3 to regulate relevant gene transcription ([@B17]). Moreover, IL-37 can be expressed by regulatory T (Treg) cells to enhance the expression of anti-inflammatory TGF-β and IL-10, Foxp3, and cytotoxic T-lymphocyte associated antigen-4 to promote the immunosuppressive activity of human Treg cells ([@B20]). In addition, extracellular IL-37 can bind to IL-18-binding protein, IL-18Rα, and β-chain, thereby inhibiting the pro-inflammatory activity of IL-18 ([@B17], [@B21]). Apart from being a natural inhibitor of innate immunity, IL-37 can inhibit DC activation to regulate adaptive immunity ([@B17], [@B22], [@B23]). IL-37 binds to the IL-18 receptor but recruits the orphan IL-1R8 to act as an inhibitor to exhibit its multifaceted anti-inflammatory activity, *via* the regulation of cellular adhesion and migration, and intracellular mechanism in murine splenic lymphocytes ([@B17], [@B24]). IL-37 can also ameliorate experimental asthma by Th2 suppression that is independent of IL-18 signaling ([@B25]). Although no mouse homolog has yet been found, human IL-37 has been reported to be an *in vivo* suppressor of inflammation in mice ([@B17]). Using murine experiments, IL-37 has been shown to play immunoregulatory roles in myocardial infarction, rheumatoid arthritis (RA), diabetes, allergic asthma, and fungal infections ([@B26]--[@B30]). Clinical studies have demonstrated the downregulated production of IL-37 of human PBMC in allergic asthmatics and decreased IL-37 level in induced sputum with negative correlation with disease severity of asthma ([@B29], [@B31]). The *ex vivo* lipopolysaccharide (LPS)-induced release of pro-inflammatory cytokines including TNF-α, IL-6, and IL-1β from asthma sputum cells was abrogated by IL-37. Therefore, IL-37 is important in modulating asthma by suppressing production of pro-inflammatory cytokines ([@B31]).

Together, the expression and activities of IL-37 are important in the maintenance of immune homeostasis. It is therefore hypothesized that IL-37 is a natural inhibitor of allergic airway inflammation *via* suppressing eosinophil activation. In an attempt to further evaluate the anti-inflammatory mechanism of IL-37 in allergic asthma, *in vitro* intracellular signaling mechanisms of TLR2-activated human eosinophils and the *in vivo* immunoregulatory activities of IL-37 in house dust mite (HDM)-humanized allergic asthmatic mice, ovalbumin (OVA)/HDM-induced allergic asthmatic mice have been investigated. Among five different IL-37 splice variants, IL-37b is the largest and best characterized variant ([@B32]). This study was therefore performed using recombinant human IL-37b.

Materials and Methods {#S2}
=====================

Reagents {#S2-1}
--------

Recombinant human IL-37b protein was purchased from R&D Systems, Inc., Minneapolis, MN, USA. PGN was bought from Invivogen Inc., San Diego, CA, USA. Albumin from chicken egg white (OVA) was purchased from Sigma-Aldrich Corp., St. Louis, MO, USA. HDM (*Dermatophagoides pteronyssinus*) was obtained from Greerlabs Inc., Lenoir, NC, USA.

Blood Buffy Coat {#S2-2}
----------------

Fresh human buffy coat was obtained from healthy volunteers of Hong Kong Red Cross Blood Transfusion Service for the purification of primary human eosinophils. The experimental procedure using human eosinophils purified from buffy coats was approved by Clinical Research Ethics Committee, The Chinese University of Hong Kong-New Territories East Cluster Hospitals, according to the 1964 Declaration of Helsinki and its later amendments and informed written consent was obtained from all subjects.

Mice {#S2-3}
----

Inbred male BALB/c mice (6--8 weeks old) and female non-obese diabetic/severe combined immunodeficiency (NOD/SCID) (5--6 weeks old) were bred under specific pathogen-free conditions and kept at Laboratory Animal Services Center, The Chinese University of Hong Kong. All animal experimentations were performed in accordance with the principles outlined in the Animal Experimentation Ethics Committee (AEEC) guide for the Care and Use of Laboratory Animals, with the approval of the AEEC of The Chinese University of Hong Kong.

Patients {#S2-4}
--------

Allergic asthmatic patients aged 30--40 years with HDM sensitization (*n* = 4) and sex- and age-matched non-atopic healthy control subjects (*n* = 4) were recruited from The Prince of Wales Hospital, Hong Kong. EDTA anticoagulated blood (50 ml) obtained from each subject was diluted (1:1 v/v) with cold phosphate-buffered saline (PBS) and PBMC were then harvested by using Ficoll density gradient centrifugation (GE Healthcare Life Sciences, Piscataway, NJ, USA). Purified PBMC (2 × 10^7^) were used for intraperitoneal injection (i.p.) into SCID mouse to construct humanized mice. All recruited subjects were ethnic Chinese. The above clinical protocol were approved by the Clinical Research Ethics Committee, The Chinese University of Hong Kong-New Territories East Cluster Hospitals, and informed written consent was signed by all subjects or their parents in accordance with the 1964 Declaration of Helsinki and its later amendments.

Purification of Eosinophils From Human Buffy Coat {#S2-5}
-------------------------------------------------

Phosphate-buffered saline diluted fresh human blood buffy coat was centrifuged using the 1.082 g/ml isotonic Percoll solution (GE Healthcare Life Sciences) for 20 min at 900 *g*. After RBC lysis, the obtained granulocyte fraction was collected to isolate eosinophils by anti-CD16 antibody-coated magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany), followed by the depletion of CD16-positive cells by loading the cells onto a LS + column (Miltenyi Biotec) within a magnetic field. The drop-through fraction containing eosinophils with purity of at least 99% assessed by Hemacolor rapid blood smear stain (E Merck Diagnostica, Darmstadt, Germany) were collected ([@B33]).

Coculture of Human Eosinophils With Human Bronchial Epithelial BEAS-2B Cells {#S2-6}
----------------------------------------------------------------------------

The human bronchial epithelial cell line BEAS-2B cells (American Type Culture Collections, Manassas, VA, USA) were maintained in LHC-8 medium (Thermo Fisher Scientific, Rockford, IL, USA). For the experiment of coculture, the medium was changed to RPMI 1640 supplemented with 10% fetal bovine serum (FBS, Gibco Invitrogen Corp., Carlsbad, CA, USA). Eosinophils (3 × 10^5^) and BEAS-2B cells (1 × 10^5^) were cocultured with or without IL-37b (100 or 200 ng/ml) pre-treatment for 10 min, followed by PGN (10 µg/ml) stimulation for further 20 h.

Flow Cytometric Analysis of Intracellular Signaling Molecules {#S2-7}
-------------------------------------------------------------

Cocultured cells were pre-treated with IL-37b (200 ng/ml) for 10 min and stimulated with TLR2 ligand PGN (10 µg/ml) for 20 min. BEAS-2B cells and eosinophils were collected and fixed with fixation buffer (BioLegend Inc., San Diego, CA, USA) for 30 min at room temperature, followed with Intracellular Staining Permeabilization Wash Buffer (BD Biosciences, San Jose, CA, USA) at 4°C for 30 min. Cells were then stained with fluorescence dye-conjugated antibodies of mouse anti-human phosphorylated IκBα, Akt, extracellular signal-regulated kinase (ERK)1/2, or corresponding isotypic control antibody (BD Biosciences). After washing, cells were analyzed with FACSCalibur flow cytometer (BD Biosciences).

Identification and Transcriptional Profile of IL-37b Target Genes {#S2-8}
-----------------------------------------------------------------

RNA isolation, library preparation for transcriptome sequencing and clustering and sequencing were performed by Novogene Co., Ltd., Beijing, China. Briefly, BEAS-2B cells and eosinophils were cocultured with different treatments, including IL-37b (200 ng/ml), PGN (10 µg/ml), PGN (10 µg/ml) plus IL-37b (200 ng/ml), with untreated cocultured cells as normal control, for 20 h before harvest. Total RNA was extracted from cocultured eosinophils using QIAzol reagent (Qiagen, Valencia, CA, USA). RNA (1 µg per sample) was applied as starting material for the RNA sample preparation. Sequencing libraries were created using NEBNext^®^ Ultra™ RNA Library Prep Kit for Illumina^®^ (NEB, USA) and index codes were used to attribute sequence to each sample. The clustering of the index-coded samples was analyzed on a cBot Cluster Generation System with TruSeq PE Cluster Kit v3-cBot-HS (Illumina, Inc., San Diego, CA, USA). After cluster generation, the library preparations were sequenced on an Illumina Hiseq 4000 platform to generate 150 bp paired-end reads. By clearing low quality reads from raw data, clean data/reads were obtained and were subsequently mapped to human genome assembly by HISAT (version 2.0.4). Fragments per kilobase of transcript per million mapped reads (FPKM) were calculated using HTSeq (version 0.6.1) to analyze gene expression levels. Differential expression analysis of four treatments was performed by the DESeq (version 1.10.1, Bioconductor). Genes with *P* \< 0.05 were stated as differentially expressed. Gene ontology (GO) enrichment was assessed by DAVID Bioinformatics Resources 6.8 (National Institute of Allergy and Infectious Diseases, NIH). GO terms with Benjamini--Hochberg corrected *P* \< 0.05 were defined to be significantly enriched by differentially expressed genes (DEG). RNA sequence data have been deposited at NCBI Sequence Read Archive under SRP study accession number SRP138008.

Validation of RNA-Seq Result and mRNA Levels of Cytokines/Chemokines Expression in Cocultured Cells by Real-Time Quantitative PCR {#S2-9}
---------------------------------------------------------------------------------------------------------------------------------

Total RNA was reverse transcribed into first-strand complementary DNA by using PrimeScript™ RT Master Mix (Takara Bio Inc., Shiga, Japan). The expression of gene *TNF-α, IL-1β, IL-6, CCL2*, and *CXCL8* in cocultured eosinophils and BEAS-2B cells, as well as nine target genes screened from RNA-seq result were quantified using SYBR^®^ Premix Ex Taq™ (Takara Bio Inc., Shiga, Japan), with corresponding primers (Table S1 in Supplementary Material). The GAPDH housekeeping gene was used as an internal reference and 2^−ΔCt\ (Ct,\ target\ gene-Ct,\ GAPDH)^ was used to calculate the relative gene expression.

Humanized SCID Mice With Allergic Asthma {#S2-10}
----------------------------------------

Humanized asthmatic NOD/SCID (non-obese diabetic/severe combined immunodeficiency) mice were developed as our previously described ([@B34]). PBMCs (2 × 10^7^) from allergic asthmatic patients with HDM sensitization or sex- and age-matched healthy control subjects were i.p. transplanted into NOD/SCID mice on day 1. HDM (50 µg) was intratracheally instilled on days 2, 4, and 8. Recombinant human IL-37b (1 µg) or 200 μl PBS was i.v. injected on days 1, 2, 4, 8, 12, 16, and 19. The humanized SCID mice were sacrificed for analysis on day 20.

Quantification of Cytokine and Chemokine Concentration {#S2-11}
------------------------------------------------------

The concentrations of human CCL2 and CXCL8 in culture supernatant were analyzed using ELISA kit (BioLegend). Human TNF-α, IL-1β, and IL-6 and murine IL-4, IL-5, IL-6, IL-13, IL-17, CCL5, and CCL11 in plasma or lung homogenate were quantified with Human or Mouse Cytokine Milliplex MAP assay kit (Millipore Corporation, Billerica MA, USA) on Bio-Plex 200 system (Bio-Rad Laboratories, Hercules, CA, USA).

Histological Examination {#S2-12}
------------------------

Hematoxylin and eosin (H&E) staining and periodic acid-Schiff (PAS) staining were performed as previously reported ([@B35]). Briefly, lung tissues were obtained, fixed with 4% paraformaldehyde, and embedded in paraffin. Sections (5 µm) were stained with H&E staining kit (Beyotime Inc., Jiangsu, China) for assessing the general morphology and inflammatory cells infiltration. For the detection of goblet cells in the bronchia, the lung sections were stained with PAS staining kit (Sigma-Aldrich) followed with hematoxylin staining (Beyotime). After H&E and PAS staining, lung sections were dehydrated, mounted, and examined under Leica DM6000 B microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA).

Statistical Analysis {#S2-13}
--------------------

All data were analyzed on Statistical Package for the Social Sciences statistical software for Mac OS, version 22. Differences between groups were evaluated by one-way ANOVA. Data were presented as mean ± SD. Differences with *P* \< 0.05 were considered statistically significant.

Results {#S3}
=======

Effect of IL-37b on Cytokines/Chemokines Release in the Eosinophils-BEAS-2B Cells Coculture Upon Stimulation With TLR2 Ligand PGN {#S3-1}
---------------------------------------------------------------------------------------------------------------------------------

For the *in vitro* study of suppressing allergic inflammation, eosinophils and BEAS-2B cells were cocultured to mimic the microenvironment in the asthmatic lung tissue in which bronchial epithelial cells interact with eosinophils ([@B36]). Since IL-18Rα and IL-1R8 are receptors for mediating the anti-inflammatory activities of IL-37b ([@B24], [@B29]), both IL-18Rα and IL-1R8 were detected on the surface of eosinophils and BEAS-2B cells by flow cytometry (Figures S1A,B in Supplementary Material). MTT assay and 7-AAD viability staining assay were performed on BEAS-2B cells and eosinophils, respectively, to delineate the non-cytotoxic dosage range of IL-37b for the subsequent *in vitro* study. Both assays demonstrated that IL-37b (10--1,000 ng/ml) did not produce any remarkable effect (*P* \> 0.05) on both cell proliferation and viability (Figures S2A,B in Supplementary Material).

Our previous studies have shown the production of cytokines and chemokines in the coculture of eosinophils and BEAS-2B cells significantly increased when compared with culture of eosinophils or BEAS-2B cells alone, and their expression could be further upregulated upon the stimulation by NOD2 ligand MDP ([@B13], [@B37], [@B38]). In this *in vitro* study, bacterial TLR2 ligand PGN was used as the stimulus because TLR2 recognizes the bacterial cell wall components to initiate the subsequent innate immune response and antigen-specific Th2 immunity in allergic asthma ([@B39], [@B40]). As shown in Figure [1](#F1){ref-type="fig"}, PGN (10 µg/ml) significantly increased inflammatory cytokines TNF-α, IL-1β, and IL-6 production and chemokines CCL2 and CXCL-8 release in eosinophils or BEAS-2B cells alone as well as coculture, except for nearly undetectable TNF-α and IL-1β production in BEAS-2Bs alone. The PGN-induced TNF-α release in eosinophils alone and eosinophils-BEAS-2B cells coculture were downregulated by IL-37b (100 and 200 ng/ml, all *P* \< 0.05, Figure [1](#F1){ref-type="fig"}A). Moreover, the PGN-induced IL-1β release from eosinophils alone but not eosinophils-BEAS-2B cells coculture could also be significantly suppressed by IL-37b (*P* \< 0.05, Figure [1](#F1){ref-type="fig"}B). The *in vitro* upregulated production of inflammatory cytokine IL-6 and chemokines CCL2 and CXCL-8 could also be notably suppressed by IL-37b (200 ng/ml, all *P* \< 0.05, Figures [1](#F1){ref-type="fig"}C--E). The gene expression of corresponding cytokines and chemokines showed similar results with protein levels (Figures [1](#F1){ref-type="fig"}F,G).

![Effect of IL-37b on cytokine/chemokine release in human eosinophil-BEAS-2B coculture upon stimulation by TLR2 ligand PGN. Human eosinophils (3 × 10^5^) and BEAS-2B cells (1 × 10^5^) were cultured either together or separately with or without IL-37b (100 and 200 ng/ml) pre-treatment for 10 min, followed by stimulation with PGN (10 µg/ml) for 20 h. Release of TNF-α **(A)**, IL-1β **(B)**, IL-6 **(C)**, CCL2 **(D)**, and CXCL8 **(E)** were determined. The mRNA expression of gene *TNF-α, IL-1β, IL-6, CCL2*, and *CXCL8* in cocultured eosinophils **(F)** and BEAS-2B **(G)** were analyzed by qPCR. Abbreviations: EOS, eosinophils; TLR2, toll-like receptor-2; PGN, peptidoglycan; TNF, tumor necrosis factor. Results are shown as mean ± SD of triplicate experiments. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 when compared between the denoted groups.](fimmu-09-01445-g001){#F1}

IL-37b Inhibits PGN-Induced Cytokines and Chemokines *via* the Downregulation of Intracellular Nuclear Factor (NF)-κB, PI3K--Akt, and ERK1/2 Pathways {#S3-2}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We have previously shown that bacterial PGN and TLR2 ligation could activate eosinophils by eliciting the activation of well-characterized downstream signaling mechanisms including NF-κB,PI3K--Akt, and ERK1/2 pathway, thereby accounting for the production of the inflammatory cytokines and chemokines within 30 min ([@B41]). The expressions of signaling molecules were analyzed by flow cytometry. The mixed eosinophils and BEAS-2B cells could be distinguished and analyzed separately by forward scatter and side scatter (Figure [2](#F2){ref-type="fig"}A). Figure [2](#F2){ref-type="fig"} illustrates the underlying intracellular mechanism of immunosuppressive IL-37b in which upregulated levels of phosphorylated IκBα, Akt, and ERK1/2 in response to PGN were all markedly suppressed by IL-37b in both BEAS-2Bs and eosinophils in coculture (all *P* \< 0.05, Figures [2](#F2){ref-type="fig"}B--E).

###### 

Inhibition of PGN-induced IκBα, PI3K--Akt, and ERK1/2 activation in eosinophil-BEAS-2B coculture under IL-37b treatment. Human eosinophils (1.2 × 10^6^) and BEAS-2B cells (4 × 10^5^) were cocultured with or without IL-37b (200 ng/ml) pre-treatment for 10 min followed by stimulation with PGN (10 µg/ml) for 20 min prior to fixation and permeabilization. **(A)** Eosinophils and BEAS-2B cells could be distinguished through FSC and SSC by flow cytometry. **(B)** Representative flow cytometric histograms from triplicate experiments of phosphorylated signaling molecules in cocultured eosinophils and BEAS-2B cells. Intracellular levels of phosphorylated IκBα **(C)**, phosphorylated Akt **(D)**, and phosphorylated ERK1/2 **(E)** in cells were measured by intracellular staining with specific antibodies and analyzed using flow cytometry. Results are expressed as fold of change (%) comparing with corresponding control groups and shown as mean ± SD, *n* = 3--6 per group. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 when compared between the denoted groups. Abbreviations: FSC, forward scatter; SSC, side scatter; EOS, eosinophils; coEOS, eosinophils in coculture; coBEAS-2B, BEAS-2B cells in coculture; ERK, extracellular signal-regulated kinase; PGN, peptidoglycan.
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Identification of IL-37b Target Genes Through Transcriptional Profiling {#S3-3}
-----------------------------------------------------------------------

RNA-seq data were collected from the analysis of eosinophils cocultured with BEAS-2B cells after different treatments. The suspended cocultured eosinophils were separated from adhesive BEAS-2B cells. According to hemacolor rapid blood smear staining, the purity of eosinophils was more than 99% (Figure S3 in Supplementary Material). DEG were screened from IL-37b treated PGN sample versus untreated PGN sample. Heatmap analysis is shown in Figure [3](#F3){ref-type="fig"}A. According to the criteria of log~2~ (fold-change) \< 0 and *P* \< 0.05, 25 downregulated DEG were identified. Excluding pseudogenes and uncategorized genes, the functions of protein coding genes *BOLA2B, CAMP, DPM3, ELOB, C4ORF48, S100A9, TFF3, NPIPB15*, and *PYCARD* were annotated (Table [1](#T1){ref-type="table"}). GO enrichment analysis was performed for the genes mentioned above. Only extracellular region, a cellular component GO term, was significantly overrepresented with Benjamini--Hochberg corrected *P* \< 0.05. However, we found that all other GO terms with *P* \< 0.05 belonged to biological process GO term, and were mainly related to innate immune response, cytokines secretion, and signal transcription activation which may give an elucidation of the mechanism of IL-37b on eosinophils (Figure [3](#F3){ref-type="fig"}B; Table [2](#T2){ref-type="table"}). Heatmap of the downregulated DEG was constructed using log~2~ (fpkm fold-change) to present gene expression level. As shown in Figure [3](#F3){ref-type="fig"}C, the upregulated expression of target genes by PGN was suppressed upon IL-37b treatment. Target genes were further validated by real-time qPCR in three biological replicates and the result was coincident with RNA-seq (Figure [3](#F3){ref-type="fig"}D). Also, the expression differences of *BOLA2B, CAMP, S100A9*, and *PYCARD* between PGN and PGN + IL-37b were statistically significant (Figure [3](#F3){ref-type="fig"}D). Upregulated DEG of IL-37b treated PGN sample versus untreated PGN sample were sorted out with the criteria of log~2~ (fold-change) \> 0 and *P* \< 0.05, and then proceeded to GO enrichment analysis. In total, 408 genes were categorized into 171 functional groups, in which 9 groups were significantly overrepresented with Benjamini--Hochberg corrected (*P* \< 0.05) and mainly belonged to molecular function and cellular component GO terms. However, no inflammation or immune-related terms were found in upregulated DEG (Figure [4](#F4){ref-type="fig"}).

###### 

Identification of IL-37b target genes through transcriptional profiling. Human eosinophils and BEAS-2B cells were cocultured with or without IL-37b (200 ng/ml) pre-treatment for 10 min followed by stimulation with PGN (10 µg/ml) for 20 h. Total RNA of eosinophils was extracted and transcriptome analysis was performed to identify IL-37b target genes. **(A)** Heatmap of DEG between IL-37b-treated PGN sample and untreated PGN sample is shown. **(B)** Gene ontology (GO) term enrichment analysis of downregulated DEG, \**P* \< 0.05 indicates significantly enriched GO term after Benjamini--Hochberg correction. **(C)** Fold of change for downregulated DE genes was depicted on a log~2~ scale heatmap, with a yellow-to-red gradient indicating downregulation to upregulation. **(D)** Real-time qPCR validation of RNA-seq result. The GAPDH housekeeping gene was used as the internal reference and the relative gene expression was calculated using 2^−ΔCt\ (Ct,\ target\ gene-Ct,\ GAPDH)^. Results are shown as mean ± SD, *n* = 3 per group, \**P* \< 0.05 when compared between the denoted groups. Abbreviations: DEG, differentially expressed genes; PGN, peptidoglycan.
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###### 

The summary of downregulated DE genes for IL-37b-treated peptidoglycan (PGN) sample versus untreated PGN sample.

  Gene symbol   Description                                                  baseMeanA    baseMeanB   log~2~ (fold-change)   *P*-value
  ------------- ------------------------------------------------------------ ------------ ----------- ---------------------- -----------
  *BOLA2B*      BolA family member 2B                                        916.763      51.049      −4.167                 0.000
  *CAMP*        Cathelicidin antimicrobial peptide                           372.817      124.678     −1.580                 0.025
  *DPM3*        Dolichyl-phosphate mannosyltransferase subunit 3             737.485      271.935     −1.439                 0.030
  *ELOB*        Elongin B                                                    10,120.043   3,995.581   −1.341                 0.032
  *C4ORF48*     Chromosome 4 open reading frame 48                           1,111.320    425.083     −1.386                 0.033
  *S100A9*      S100 calcium binding protein A9                              14,845.446   5,897.163   −1.332                 0.033
  *TFF3*        Trefoil factor 3                                             190.483      61.848      −1.623                 0.037
  *NPIPB15*     Nuclear pore complex interacting protein family member B15   116.123      33.378      −1.799                 0.040
  *PYCARD*      PYD and CARD domain containing                               1,008.439    410.357     −1.297                 0.046

*Total RNA of eosinophils was extracted and transcriptome analysis was performed to identify IL-37b target genes. The downregulated DE genes (*P* \< 0.05) for IL-37b treated PGN sample versus untreated PGN sample were ranked by *P*-value. A and B indicate untreated PGN and IL-37b-treated PGN, respectively*.

###### 

GO analysis of downregulated genes.

  Category           Annotation term                                                                                \%     *P*-value   Genes                                            Benjamini--Hochberg corrected*P*-value
  ------------------ ---------------------------------------------------------------------------------------------- ------ ----------- ------------------------------------------------ ----------------------------------------
  GOTERM_CC_DIRECT   GO:0005576\~extracellular region                                                               42.9   9.2E−04     *C4ORF48, CAMP, S100A9, PYCARD, TFF3, NPIPB15*   0.033
  GOTERM_BP_DIRECT   GO:2000484\~positive regulation of interleukin-8 secretion                                     14.3   4.6E−03     *CAMP, PYCARD*                                   0.397
  GOTERM_BP_DIRECT   GO:0045087\~innate immune response                                                             21.4   9.2E−03     *CAMP, S100A9, PYCARD*                           0.395
  GOTERM_BP_DIRECT   GO:0050829\~defense response to Gram-negative bacterium                                        14.3   1.9E−02     *CAMP, PYCARD*                                   0.511
  GOTERM_BP_DIRECT   GO:0031647\~regulation of protein stability                                                    14.3   2.5E−02     *PYCARD, DPM3*                                   0.495
  GOTERM_BP_DIRECT   GO:0071347\~cellular response to interleukin-1                                                 14.3   2.5E−02     *CAMP, PYCARD*                                   0.426
  GOTERM_BP_DIRECT   GO:0006919\~activation of cysteine-type endopeptidase activity involved in apoptotic process   14.3   2.9E−02     *S100A9, PYCARD*                                 0.417
  GOTERM_BP_DIRECT   GO:0071356\~cellular response to tumor necrosis factor                                         14.3   3.9E−02     *CAMP, PYCARD*                                   0.459
  GOTERM_BP_DIRECT   GO:0071222\~cellular response to lipopolysaccharide                                            14.3   4.0E−02     *CAMP, PYCARD*                                   0.424
  GOTERM_BP_DIRECT   GO:0051092\~positive regulation of NF-κB transcription factor activity                         14.3   4.7E−02     *S100A9, PYCARD*                                 0.439
  GOTERM_BP_DIRECT   GO:0042742\~defense response to bacterium                                                      14.3   5.1E−02     *CAMP, S100A9*                                   0.433
  GOTERM_CC_DIRECT   GO:0070062\~extracellular exosome                                                              35.7   5.5E−02     *CAMP, S100A9, ELOB, BOLA2B, TFF3*               0.636
  GOTERM_MF_DIRECT   GO:0005515\~protein binding                                                                    35.7   7.3E−02     *S100A9, TCEB2, PYCARD, TFF3, DPM3*              0.826

*GO enrichment analysis was assessed for genes in Table [1](#T1){ref-type="table"} by DAVID Bioinformatics Resources 6.8 (National Institute of Allergy and Infectious Diseases, NIH). GO terms with Benjamini--Hochberg corrected *P* \< 0.05 were considered significantly enriched by DEG*.

*CC, cellular component; BP, biological process; MF, molecular function; GO, gene ontology; NF, nuclear factor; DEG, differentially expressed genes*.

![GO term enrichment analysis of upregulated DEG. Upregulated DEG for IL-37b treated PGN sample versus untreated PGN sample were sorted out with the criteria of log2 (fold-change) \> 0 and *P* \< 0.05, and then proceeded to GO enrichment analysis. Total 408 genes were categorized into 171 functional groups, in which 9 groups were significantly overrepresented with Benjamini--Hochberg corrected *P* \< 0.05. Abbreviations: DEG, differentially expressed gene; GO, gene ontology; PGN, peptidoglycan.](fimmu-09-01445-g004){#F4}

The Anti-Inflammatory Activity of IL-37b on Humanized Asthmatic Mice {#S3-4}
--------------------------------------------------------------------

Humanized allergic asthmatic NOD/SCID mice were applied as preclinical murine model to further evaluate the therapeutic potential of IL-37b for human allergic asthma (Figure [5](#F5){ref-type="fig"}A). Human CD45^+^ cells were assessed just before termination to ensure human PBMCs existed stably in the blood of human PBMC NOD/SCID mice (Figure [5](#F5){ref-type="fig"}B).

###### 

*In vivo* effects of human recombinant IL-37b on the development of asthmatic features in humanized allergic asthmatic mice. **(A)** Timeline protocol of asthmatic human-PBMC NOD/SCID mice and IL-37b administration. **(B)** Human CD45^+^ cells were assessed just before termination on day 19 to ensure human PBMCs existed stably in the blood of human-PBMC NOD/SCID mice. The concentrations of **(C)** IL-5 and CCL11 in plasma, and **(D)** protein expression of IL-4, IL-6, IL-13, IL-17, CCL5, and CCL11 in lung homogenate were analyzed. **(E)** Representative H&E and PAS staining of lung sections (200× magnification) with essentially similar results are shown. The black, red, green, and blue arrows denote increased mucus, eosinophils infiltration, thickened airway wall, and goblet cells, respectively. Results are shown as mean ± SD, *n* = 4 per group. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 when compared between the denoted groups. Data are representative from two independent experiments with essentially similar results. Abbreviations: PBMCs, peripheral blood mononuclear cells; NOD/SCID, non-obese diabetic/severe combined immunodeficiency; PAS, periodic acid-Schiff; H&E, hematoxylin and eosin.
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IL-37b treated group resulted in a remission of the airway inflammation. The levels of eosinophil activators CCL11 and IL-5 were significantly increased in plasma of humanized asthma control group, and CCL11 restored to normal level upon IL-37b administration (all *P* \< 0.05, Figure [5](#F5){ref-type="fig"}C). Moreover, IL-37b could significantly suppress the induced concentrations of Th2 and asthma-related cytokines IL-4, IL-6, and IL-13 in lung homogenate of asthmatic human PBMC NOD/SCID mice (all *P* \< 0.05, Figure [5](#F5){ref-type="fig"}D). Reductions were also observed on IL-17, CCL5, and CCL11 upon the treatment of IL-37b (Figure [5](#F5){ref-type="fig"}D). Similarly, histopathological results of lung tissue illustrated that IL-37b could mitigate the enhanced mucus, eosinophil infiltration, thickened airway wall, and goblet cells in the lung tissue of humanized allergic asthmatic mice (Figure [5](#F5){ref-type="fig"}E). Regarding inflammatory cell infiltration of lymphocytes, macrophages, eosinophils, neutrophils, as well as total cells in BALF, cell number of macrophages, eosinophils, and total inflammatory cells was 8.80 × 10^5^, 2.41 × 10^5^, and 11.42 × 10^5^, respectively, which were significantly increased in asthmatic mice when compared with normal control mice. The cell number decreased to 7.04 × 10^5^, 1.22 × 10^5^, and 8.44 × 10^5^, respectively, after IL-37b treatment. Similar IL-37-mediated anti-allergic inflammatory activities, such as the suppression of inflammatory cytokine/chemokine expression, specific IgE, inflammatory cell infiltration, thickened airway wall, collagen deposition, mucus and lung fibrosis together with upregulated Treg in lung tissue, etc., were shown in OVA-induced allergic asthmatic mice (Figure S4 in Supplementary Material) and HDM-induced allergic asthmatic mice (Figure S5 in Supplementary Material).

Discussion {#S4}
==========

IL-37 has been shown to play immunoregulatory roles in animal models of myocardial infarction, RA, diabetes, fungal infection, septic shock, colitis, hepatitis, contact-hypersensitivity, psoriasis, and fibrosarcoma ([@B22], [@B26]--[@B30], [@B42]--[@B46]). Protective functions have also been reported for IL-37b on allergic airway inflammation induced by OVA, probably *via* IL-18Rα and the orphan receptor IL-1R8 ([@B29], [@B47]). Eosinophilia is a prominent characteristic of allergic asthma and related with asthma severity. However, the underlying cellular mechanisms by which IL-37b regulates human eosinophils in allergic asthma have not been clearly investigated. In this study, we illustrated that IL-37b could suppress transcriptional levels of *PYCARD, S100A9*, and *CAMP* genes, and antagonize the activation of NF-κB, PI3K--Akt, and ERK1/2 pathways in eosinophils, which elucidate the intracellular signaling cascade to suppress the bacterial TLR2-mediated activation in eosinophils upon interaction with human bronchial epithelial cells, and ameliorate the exacerbated allergic airway inflammation in HDM-humanized asthmatic mice.

Cascade reactions amplified by Th2 cells promote the recruitment of eosinophils into the lung tissue, with subsequent mucus production, bronchial inflammation, and AHR and remodeling which are characteristics of allergic asthma ([@B3], [@B48]). During the development of asthma, eosinophils are accessible to human bronchial epithelial cells in bronchus, and their interaction upon the stimulation by allergen activates both cells to induce allergic inflammation. In our study, BEAS-2B cells, which share similar pattern for the expression of cell surface adhesion molecules and production of inflammatory cytokines and chemokines with primary human bronchial epithelial cells as demonstrated in our previous studies ([@B49], [@B50]), were used to coculture with human eosinophils followed by stimulation with TLR2 ligand PGN to mimic the microenvironment upon infection in the bronchus of allergic asthmatic patients. Results in Figure [1](#F1){ref-type="fig"} showed the capability of IL-37b for relieving the activation of TLR2 pathway in both eosinophils and BEAS-2B cells, *via* specific signaling pathways and transcriptional regulation (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

Using murine splenic macrophages and DCs of wild-type IL-37-transgenic mice and IL-37-transgenic with IL-1R8-deficient mice, a previous report has revealed the signaling pathway under LPS stimulation that IL-37b binds to its receptors IL-1R8 and IL-18Rα and exhibits anti-inflammatory properties through signaling molecules such as STAT3 and p62 (dok) to inhibit the kinases Fyn, TAK1, and the transcription factor NF-κB, as well as mitogen-activated protein kinase (MAPK) ([@B24]). This finding therefore elucidated the regulatory mechanism of IL-37b on murine splenic antigen-presenting cells in LPS-induced inflammation. Given that the mechanisms of IL-37b may be different in different species and cell types, the phosphorylation levels of cell signaling molecules IκB, ERK1/2, and Akt in human eosinophils upon coculture with BEAS-2B and stimulation by PGN were quantified using flow cytometry in our study. We illustrated the involvement of distinct NF-κB, ERK1/2, and Akt pathways in IL-37b suppressing the activation of eosinophils and BEAS-2B cells (Figure [2](#F2){ref-type="fig"}). With regard of the central roles of pro-inflammatory gene transcription for the NF-κB pathway ([@B51]), reductions of TNF-α, IL-1β, IL-6, CCL2, and CXCL-8 release in *in vitro* coculture by IL-37b may partly rely on the suppressed transcriptional activity of NF-κB. Activation of ERK1/2 and Akt pathways has been reported to involve in lung inflammation and alveolar remodeling ([@B52], [@B53]). Consequently, IL-37b-attenuated phosphorylation of ERK1/2 and Akt in eosinophils and BEAS-2B cells, at least in part, can account for the diminished airway thickness in asthmatic mice.

To further investigate the molecular mechanisms mediated by IL-37b, RNA-sequencing, bioinformatics, and real-time qPCR validation were performed on cocultured eosinophils. Genes *PYCARD* (apoptosis-associated speck-like protein containing a CARD), *S100A9*, and *CAMP* (cathelicidin antimicrobial peptide LL-37) were suggested to play pivotal roles in IL-37b anti-allergic inflammatory activities. PYCARD is well known for its function as an adapter in diverse types of inflammasomes to activate caspase-1 and lead to the maturation of pro-inflammatory cytokines ([@B54]). PYCARD also acts on inflammasome independently with subsequent regulation on MAPK activity, NF-κB activation, and cytokines/chemokines expression ([@B55], [@B56]). S100A9 protein plays a vital role in inflammation and immune response ([@B57]--[@B59]). The concentration of S100A9 was elevated in BALF of asthmatic patients and correlated with plasma IgE concentration ([@B60], [@B61]). It has been shown that S100A9 triggers the production of mucin protein MUC5AC to contribute to mucin hyper-production in airway and activates NF-κB pathway to induce pro-inflammatory cytokines and chemokines ([@B62]). CAMP is the unique cathelicidin-family antimicrobial peptide LL-37 found in human ([@B63]--[@B65]). Our recent study has demonstrated that LL-37 promotes asthma deterioration ([@B33]). Furthermore, *PYCARD, S100A9*, and *CAMP* are annotated to inflammation and immune-related GO terms, which further illustrate their contributions in inflammation and immune response (all *P* \< 0.05, Table [2](#T2){ref-type="table"}; Figure [3](#F3){ref-type="fig"}B). Therefore, downregulated transcriptional level of these genes, at least partly, is responsible for the amelioration of allergic airway inflammation in IL-37b-treated mice. The IL-37-mediated intracellular signaling cascades in eosinophils for the suppression of allergic inflammation are illustrated in Figure [6](#F6){ref-type="fig"}.

![IL-37-mediated intracellular signaling cascades in eosinophils for the suppression of allergic airway inflammation. Interaction of toll-like receptor-2 (TLR2) with bacterial cell wall component leads to the activation of intracellular signaling cascades in eosinophils with subsequent intercellular interaction with airway epithelial cells. Signaling molecules Akt, extracellular signal-regulated kinase (ERK)1/2, and IκB are phosphorylated to initiate the downstream transcription of target genes for cell survival and pro-inflammatory cytokines and chemokines which deteriorate allergic inflammation. Furthermore, transcriptional level of *CAMP, PYCARD*, and *S100A9* is upregulated in allergic inflammation. CAMP (LL37) protein is capable of triggering TLR3 on bronchial epithelial cells, which also activates signaling molecules and results in asthma deterioration. PYCARD functions as an adapter in diverse types of inflammasomes, such as AIM2 inflammasome, NLRC4 inflammasome, NLRP3 inflammasome, to activate caspase-1 and lead to the maturation of pro-inflammatory cytokine such as IL-1β. S100A9 triggers the production of mucin protein MUC5AC in airway epithelial cells, which contributes to mucin hyper-production in airway, and activates nuclear factor-κB pathway to induce pro-inflammatory cytokines and chemokines, which result in exacerbation of airway inflammation. IL-37 is capable of attenuating phosphorylation of Akt, ERK1/2, and IκB in eosinophils, with subsequent downregulating transcriptional level of *CAMP, PYCARD*, and *S100A9* in eosinophils, thereby ameliorating allergic airway inflammation.](fimmu-09-01445-g006){#F6}

Adopting our established humanized murine mice ([@B34]), chimeric allergic asthmatic mice with humanized peripheral blood cells were used to mimic human allergic asthma. Results from the humanized mice provide more clinical relevant biochemical basis for future therapeutic application of IL-37b on the treatment of allergic asthma. In OVA-induced allergic airway inflammation mice (Figure S4 in Supplementary Material) and HDM-induced allergic asthmatic mice (Figure S5 in Supplementary Material), amelioration on asthma exacerbation was indicated in IL-37b-treated groups, which is in concordance with the result of previous publications ([@B66], [@B67]). Noteworthy, IL-37b administrated at challenge stage showed higher efficacy on ameliorating asthma exacerbation when compared with that of sensitization stage. This finding indicates that IL-37b may be beneficial for therapeutic treatment, but less effective in prophylactic treatment. Nevertheless, further studies are needed to estimate the feasibility of IL-37b for clinical application, including efficacy and safety, and more in-depth mechanistic study is on-going.

A recently study reported the inhibition of IL-37b on HDM-induced pulmonary eosinophilia and AHR, without affecting Th2-related cytokine production ([@B67]). This discrepancy comparing with the suppression of local and systemic Th2 cytokines in our present study (Figures S4 and S5 in Supplementary Material) may be due to different administration route and dosage. In Lv et al. study, mice was intranasally (i.n.) administrated with IL-37b (200 ng). Nasal mucosa is a barrier for protein that can decrease the nasal bioavailability of high molecular weight protein ((1,000 Da) ([@B68], [@B69]). Therefore, most intranasal administrated IL-37b (MW = 19.4 kDa) may enter respiratory tract to interact with local pro-inflammatory cells and mediators. Together with the mucociliary clearance and enzymatic degradation in nasal mucosa ([@B70], [@B71]), the bioavailability of intranasal IL-37b can be further decreased, resulting in short half-life. Similar decreasing activity of i.n. administrated IL-37b (500 ng) was also observed in our study (data not shown). Therefore, our present i.v. systemic administration of IL-37b not only benefits local pulmonary inflammation but also downregulates inflammatory cells migration from circulation into pulmonary vasculature and airway submucosa, together with suppression of Th2 and inflammatory cytokine and chemokine production.

In conclusion, our study has demonstrated novel intracellular mechanism of IL-37b on human eosinophil axis by which IL-37b can suppress bacterial TLR2-mediated activation in eosinophils upon interacting with human bronchial epithelial cells, thereby contributing to the remission of allergic airway inflammation. Together with the result of preclinical studies using humanized mice, IL-37b may be used as a novel treatment modality for allergic asthmatic patients, with least side effects comparing with conventional steroid treatment. Given the pivotal role of eosinophils in many other allergic diseases such as atopic dermatitis, IL-37b may also be a potential therapeutic agent for various eosinophilic disorders.
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